In the central nervous system, release of Ca 2؉ from intracellular stores contributes to numerous functions, including neurotransmitter release and long-term potentiation and depression. We have investigated the developmental profile and the regulation of inositol 1,4,5-trisphosphate receptor (IP3R) and ryanodine receptor (RyR) in primary cultures of cerebellar granule cells. The expression of both receptor types increases during development. Whereas the expression of type 1 IP3R appears to be regulated by Ca 2؉ inf lux through L type channels or N-methyl-D-aspartate (NMDA) receptors, RyR levels increase independently of Ca 2؉ . The main target of Ca 2؉ -inf lux-regulating IP3R expression is the Ca 2؉ calmodulin-dependent protein phosphatase calcineurin, because pharmacological blockade of this protein abolishes IP3R expression. Although calcineurin has been shown to regulate the phosphorylation state of the IP3R, the effect described here is at the transcriptional level because IP3R mRNA changes in parallel with protein levels. Thus, calcineurin plays a dual role in IP3R-mediated Ca 2؉ signaling: it regulates IP3R function by dephosphorylation in the short-term time scale and IP3R expression over more extended periods.
and by the pyridine nucleotide cyclic ADP ribose) (2, 3) . Both IP3Rs and RyRs are the products of multigene families. At least three members have been described for each family (IP3R1-3 and RyR1-3) with different regional distribution patterns (1, 4, 5) . The present work investigates the developmental pattern of expression of the two receptor types in neurons and their dependence on Ca 2ϩ . As shown for other proteins involved in Ca 2ϩ signaling (6, 7) , IP3R expression depends on Ca 2ϩ influx, whereas RyR expression does not appear to be regulated in the same manner.
Calcineurin is a Ca 2ϩ ͞calmodulin-dependent phosphatase that has been shown to play a central role in the regulation of gene expression (8) . In T lymphocytes, when an antigen binds to its receptor, Ca 2ϩ influx activates calcineurin (9) , which dephosphorylates the transcription factor NF-AT (nuclear factor of activated T cells). The latter then enters the nucleus and triggers IL-2 transcription, leading to T lymphocyte activation (9) . The central role played by calcineurin in immune responses has been demonstrated by two of the most important immunosuppressants, FK506 and cyclosporin A, which have turned out to be powerful calcineurin inhibitors (9) . Calcineurin's regulation of transcription has also been shown to be central in the development of normal heart morphogenesis (10, 11) as well as in the etiology of cardiac hypertrophy (12, 13) .
Because calcineurin is abundant in the brain (14) , we decided to explore its involvement in the transcriptional regulation of IP3R in cultured cerebellar granule cells, one of the most robust and best established primary neuronal cultures (15) . FK506 and cyclosporin A completely abolished IP3R expression: the regulation was at the transcriptional level because IP3R mRNA decreased in parallel with the protein.
The immunosuppressant rapamycin, a structural analogue of FK506 devoid of an inhibitory action on calcineurin, did not interfere with IP3R transcription or expression. Thus, the data show that calcineurin regulates gene transcription in the central nervous system. This phosphatase had been previously shown to bind to and modulate the phosphorylation state of the IP3R complex (16) . The results described here show that calcineurin has an additional role in controlling Ca 2ϩ -release from intracellular stores, because it also regulates the expression of the IP3R.
MATERIALS AND METHODS
Cell Culture. Granule cells were dissociated from the cerebella of 7-day-old Wistar rats as described (15, 17) and plated in DMEM Hepes modification (Sigma) containing 1.8 mM CaCl 2 supplemented with heat-inactivated 10% fetal calf serum (Life Technologies, Grand Island, NY or Sigma), 100 g͞ml gentamicin, 7 M p-aminobenzoic acid, 100 g͞ml pyruvate, 100 microunits͞ml insulin, on poly-L-lysine-treated plates at a density of 2-3 ϫ 10 5 cells per cm 2 . After 24 h, 10 M cytosine arabinofuranoside was added to the culture to inhibit mitotic active cell's growth. Neuronal survival was estimated by measuring the amount of colored formazan by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (18) .
Preparation of Membranes. Cerebella were dissected from rat brains and homogenized in 5 mM Tris͞HCl (pH 7.5)͞320 mM sucrose͞5 g͞ml pepstatin, antipain, and leupeptin with a loose Potter-homogenizer. A crude synaptosomal membrane fraction was obtained after centrifuging the postnuclear supernatant at 12,000 ϫ g for 10 min at 4°C. The supernatant was again centrifuged at 100,000 ϫ g for 1 h at 4°C. The 100,000 ϫ g precipitated material was defined as the microsomal fraction.
Granule cells were resuspended at 5-10 ϫ 10 6 cells per ml in 10 mM Tris⅐HCl (pH 8.0)͞1 mM EDTA͞5 g͞ml leupeptin͞5 g͞ml aprotinin͞5 g͞ml pepstatin͞75 g͞ml PMSF͞1 mM DTT and subjected to three cycles of freeze and thaw. The particulate fraction was sedimented at 15,000 ϫ g for 15 min. The resulting protein pellet was resuspended in 5 mM Tris⅐HCl (pH 8.0)͞10% sucrose and frozen at Ϫ70°C.
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PNAS is available online at www.pnas.org. Western Blotting. Proteins were separated by using SDS͞ PAGE (19) and transferred to nitrocellulose or poly(vinyldenedifluoride) (PVDF)membranes (20) . The membranes were incubated with isoform specific polyclonal antibodies against IP3R1, IP3R3, or a polyclonal antibody that recognizes all three IP3R isoforms (21) . RyRs were detected with isoformspecific antibodies kindly donated by A. Conti and V. Sorrentino (University of Milan, Italy) (22) . The monoclonal antibody against PMCA4 was a kind gift of J. Penniston (Mayo Clinic, Rochester, MN). The polyclonal antibody against SERCA2b was a gift of F. Wuytack (Catholic University, Leuven, Belgium). The blots were developed with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) or with cytidine 5Ј-diphosphate-Star (Tropix, Bedford, MA).
Isolation of RNA, Reverse Transcription-PCR (RT-PCR), and Southern and Northern Blotting. Total RNA was prepared from granule cells by using the Trizol reagent according to manufacturer's instructions (GIBCO) and was either used for Northern blotting as described elsewhere (23) or was reverse-transcribed by using a random octamer primer (firststrand cDNA synthesis kit, Amersham Pharmacia) according to the manufacturer's protocol.
The following nucleotides were used for PCR: IP3R1 (forward: GTGGAGGTTTCATCTGCAAGC; reverse: GCTTTCGTG-GAATA CTCGGTC), IP3R2 (forward: GCTCTTGTCCCTG-ACATTG; reverse: CCC ATGTCTCCATTCTCATAGC); IP3R3 (forward: CTGCCCAAGAGGAGG AGGAAG; reverse: GAACAGCGCGGCAATGGAGAAG); RyR1 (forward: GCTT AGCTGAGGTCTGCAGCTGG; reverse: AGGGGGT-GTAGCACAGG ATTTAT); RyR2 (forward: TTCATTGCA-TGTTTATTATGC; reverse: AAAA GATGGCCTGTCAAG-GCGTC); RyR3 (forward: CCTGAGTTCACG ACAAGC-TAC; reverse: TAGCTGCTTAAAGCTTTTC); G3PDH (forward: CCAAAAGGGTCATCATCTCC; reverse: GTAG-GCCATGAGGTCC ACCAC); c-fos (forward: AAGTCT-GCGTTGCAGAAGGAACC; reverse: GTCTGCTGCATA-GAAGGAACC).
The conditions for the PCR reactions were as suggested from Perkin-Elmer for the Taq Gold polymerase. PCR products were separated on 1.8% agarose gels or on 8% PAGE. All reactions resulted in a single band except for the IP3R1 experiments, where two bands, corresponding to two splicing variants were amplified according to the treatments. The identity of the PCR-generated fragments was verified by DNA sequencing (23) . For Southern and Northern blotting (23), the 113-bp fragment from position 5412 and 5525 of the published IP3R1 sequence (24) was used as a probe.
RESULTS AND DISCUSSION
Preliminary Western blotting analysis of the receptor subtypes present in granule cells revealed that RyR1, RyR3 and IP3R3 were absent (data not shown). This was confirmed by RT-PCR, performed by using primers specific for the receptor subtypes (data not shown). Although Western blots on IP3R2 were not performed, RT-PCR experiments showed that this receptor subtype was present in the cultures. However, no further investigation on it was performed because this receptor has been shown to be present only in the astrocytic contamination of these cultures (25) , which accounts for Ͻ2% of the total cell population (15) . Thus, the main intracellular Ca 2ϩ -channel subtypes present in cerebellar granule cells were IP3R1 and RyR2 (Fig. 1A) . The expression levels of these two receptor subtypes, which were extremely low at the start of the culture, increased with time, reaching a peak 5-9 days after plating, when granule neurons have become mature (15) (Fig. 1 A) . This was also true of intact cerebellum, where IP3R1 expression increased during development from day 2-21 after birth (Fig. 1B) . The isoform 4 of the plasma membrane Ca 2ϩ -ATPase (PMCA4) and the isoform 2b of the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA2b) were used as controls ( Fig. 1 A) , because their levels do not change during development under depolarizing conditions (6) . Granule cells require chronic partial depolarization of the plasma membrane to survive and to mature (15) . This is routinely achieved by increasing K ϩ in the medium from about 5 to 25 mM, a condition that is thought to mimic synaptic activity. The effects of depolarization on the expression of IP3R1 and RyR2 were thus investigated. RyR2 expression appeared to be independent of depolarization, whereas IP3R1 was highly sensitive to it. After 5 days in culture in the presence of low, nondepolarizing levels of K ϩ (5.3 mM), barely detectable amounts of the IP3R1 protein were expressed, whereas evident expression was observed in the presence of potassium concentrations higher than 15 mM (Fig. 1C) . The expression of the SERCA2b pump, another protein involved in intracellular Ca 2ϩ homeostasis, was also unaffected by the change in the extracellular K ϩ concentration (Fig. 1C) . Next, factors that controlled IP3R1 expression were investigated. During depolarization, the cellular Ca 2ϩ level increases, the increase being prevented by L type Ca 2ϩ -channel blockers, e.g., nifedipine (26) . The treatment with nifedipine abolished IP3R1 expression but did not affect that of RyR2 (Fig. 1D) . The nifedipine treatment reversed the K ϩ -dependent increase of the resting intracellular Ca 2ϩ concentration, which reached 150 Ϯ 10 nM after 4-5 days in 25 mM KCl. In the presence of nifedipine, intracellular Ca 2ϩ decreased to 60 Ϯ 10 nM, as compared with 55 Ϯ 10 nM for cells cultured under nondepolarizing conditions (6). The addition of nifedipine induced cell death after 6-7 days culture, as in the case of cells cultured in low potassium. Moreover, if neurons were treated with 10 or 15 mM K ϩ (concentrations that are at the border of effectiveness in up-regulating the IP3R1) in conjunction with an activator of L type Ca 2ϩ -channels, BayK8644, the level of IP3R1 increased, becoming similar to that observed in neurons cultured for 5 days in 25 mM KCl (Fig. 1D) . Consistent with the nifedipine experiment, RyR2 expression was not affected by BayK8644 (Fig. 1D) . The addition of antagonists of Q, N, and P type voltage-operated Ca 2ϩ -channels or of the NMDA receptor antagonist MK801 to the culture medium was ineffective in blocking the IP3R1 expression induced by 25 mM KCl (Fig.  1E) , indicating that Ca 2ϩ entering through the L type Ca block of the channel) also induced IP3R1 expression (Fig. 1E) . Again, RyR2 expression was not influenced by any of the above treatments (data not shown).
The up-regulation of the IP3R1 by Ca 2ϩ influx through voltage-operated Ca 2ϩ channels could be mediated by a number of mechanisms: (i) increased stability of the expressed protein; (ii) increased efficiency of its translation; (iii) positive regulation at the transcriptional level. The latter possibility was considered the most likely and was explored in RT-PCR experiments on cDNA prepared from cultures grown under different conditions. The analysis showed highly enhanced amplification of the transcript of the splicing variant IP3R1B Ϫ in cells grown under depolarizing conditions ( Fig. 2A) whereas in control cells the amplified transcript was that of the variant IP3R1ABC Ϫ (27) . The splice variant present in cells grown under depolarizing conditions corresponded to the dominant form present in neuronal tissues and its presence was, thus, not surprising, whereas the band amplified from control cells corresponded to the form usually present in nonneuronal tissue (28) . Control experiments with G3PDH (glyceraldehyde-3-phosphate dehydrogenase) (data not shown) or RyR2 (Fig. 2 A) specific primers failed to reveal differences among samples from cells grown in high or low KCl. Because RT-PCR is not quantitative, Northern blot analysis was also performed on RNAs obtained from cultures grown under different conditions. As shown in Fig. 2B , 25 mM K ϩ induced an increase in IP3R1 mRNA that was blocked by nifedipine but not by MK801, in agreement with the results of the Western blotting experiments.
The study was then extended to calcineurin, a Ca 2ϩ -calmodulin-regulated protein phosphatase (29) that is known to regulate gene transcription in T lymphocytes (30, 31) , in heart (32) and in Saccharomices cerevisiae (33) . Blockade of this phosphatase by FK506, an immunosuppressant that selectively inhibits calcineurin activation (34) , abolished the increase in IP3R1 mRNA induced by depolarization (Fig. 2B) . FK506 blocks calcineurin on binding to a specific family of proteins called FKBPs (34) . In a control experiment, RT-PCR was performed using rapamycin, an immunosuppressant that binds to the same set of proteins as FK506, but that is not capable of inhibiting calcineurin (34) . Treatment of granule cells with rapamycin failed to reverse the increase of IP3R1 transcript induced by depolarization (Fig. 2C) . Southern blotting was performed by using a IP3R1 splice site specific probe to test the authenticity of the fragments amplified by PCR. As expected, the probe hybridized with a band of 535 bp, which was significantly higher in granule cells grown under depolarizing conditions (Fig. 2D) . In cells treated with nifedipine or FK506, the 535-bp band was not visible, in agreement with the Northern blotting experiments. Cyclosporin A, an immunosuppressant that inhibits calcineurin by binding to an immunophilin distinct from FKBPs (34), also prevented the increase of the IP3R1-specific band (Fig. 2D ).
The immunosuppressant experiments were then extended to the receptor protein: both FK506 and cyclosporin A abolished the expression of the IP3R1 protein at concentrations as low as 3 nM and 100 nM, respectively (data not shown). Again, the effect was not mimicked by rapamycin (Fig. 3A) . Because FK506 and rapamycin bind to the same FK-binding proteins, a competition experiment was performed by adding FK506 and a 1,000-fold higher concentration of rapamycin to cells cultured in the presence of 25 mM KCl. Under these conditions, FK506 failed to abolish IP3R1 expression, presumably reflecting its displacement from the immunophilin target protein.
FK506 has been shown to affect the activity of numerous plasma membrane channels (14) , including L type Ca 2ϩ -channels. In principle, then, its effects on IP3R1 expression could be linked to a decreased Ca influx in these cells increased the proportion of cells that eventually died (35) , whereas no significant differences in cell survival were observed between controls and FK506-treated cells.
We then studied the time course of the increase of the IP3R1 mRNA. RT-PCR experiments showed that an increase in messenger occurred after 6 h of exposure to the depolarizing stimulus (Fig. 4B) . Parallel experiments showed that c-fos mRNA levels increased much faster, i.e., within 15 min (Fig.  4B) . These experiments are consistent with an effect of calcineurin on the transcriptional rate of the IP3R1 mRNA but do not exclude an effect on the stability of the mRNA, which would also lead to its increase.
A major transcriptional pathway involving calcineurin in the central nervous system involves the activation of protein phosphatase 1 and the regulation of the phosphorylation state of cAMP response element-binding protein (CREB) (36) . The CREB pathway is unlikely to be responsible for IP3R1 expression because the inhibition of calcineurin would increase the amount of phosphorylated CREB and the transcription efficiency (36) . In the case of the IP3R1, the opposite occurred. Furthermore, a 5-day treatment of cerebellar granule cells with FK506 (1 mM) did not result in significant cell death (92 Ϯ 6 of surviving cells assessed with the reduction of MTT), whereas higher levels were induced by inhibitors of other phosphatases (okadaic acid, 5 Ϯ 2; calyculin, 8 Ϯ 4 of surviving cells). This further differentiates the pathway involving calcineurin described here from the one involving the modulation of other phosphatases. Thus, the experiments described here have revealed a novel role for calcineurin in Ca 2ϩ signaling in the central nervous system. The phosphatase had been previously reported to modulate the activity of IP3R and RyR (16), but no reports had indicated the involvement of the phosphatase in the control of the expression of IP3R. We have now shown that, in response to a rise in cytosolic Ca 2ϩ , calcineurin can increase IP3R levels through transcriptional regulation. The matter of transcriptional regulation by calcineurin has recently been explored in different cell types. In T lymphocytes, cytosolic calcineurin associates with the transcription factor NF-AT4 and dephosphorylates it while mediating its transport into the nucleus where the activated NF-AT4 acts (37) . Calcineurin also regulates the expression of genes coding for Ca 2ϩ transporters in the budding yeast S. cerevisiae; the target of the phosphatase is a Zn-finger transcription factor that contains a calcineurin transcriptional activation domain (33) .
NF-AT has been detected in certain regions of the brain (38) , but its role in transcriptional control and, particularly, its presence in the cerebellum have not been demonstrated. NF-AT seems unlikely to be the factor controlling the transcription of IP3R1, because no consensus binding site for NF-AT is present in the mouse or in the human promoter (39, 40) . Although this does not rule out the presence of such a site in the rat promoter, the high conservation degree between the mouse and human promoters makes it unlikely. The role of other factors, suggested to act throughout a HRE (steroid responsive element) or the so-called E box located in the IP3R1 promoter (41, 42) is similarly unlikely. Finally, transforming growth factor (TGF)␤1 has been shown to downregulate IP3R1 in mesangial cells (43) but it is not clear whether the effect was mediated by calcineurin. Further investigations on the matter are clearly necessary.
